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Progress Report:

MoVING TARGET DETECTION AND MOTION ESTIMATION IN FOLIAGE USING
ALONG TRACK MONOPULSE SYNTHETIC APERTURE RADAR IMAGING

Mehrdad Soumekh
Department of Electrical & Computer Engineering
State University of New York at Buffalo
Ambherst, New York 14260

la. Overview

This document describes the progress on the work performed for “Moving Tafget De-
tection and Motion Estimation in Foliage Using Along Track Monopulse Synthetic Aper-
ture Radar Imaging,” under Contract N00014-96-1-0586 for the Office of Naval Research
during the first six months of this contract (4/10/96 - 9/30/96).

The scope of the tasks for this period included the following:

1. Two-dimensional system and signal modeling of the effect of uncalibrated monostatic
and bistatic radars via gain and phase error functions which vary with the radars
aspect angles and the radar frequency, and the resultant degradation in monopulse
SAR images and their difference which is used for moving target detection;

ii. Developing a signal subspace processing of monopulse SAR images and a signal
subspace difference image for moving target detection which is not sensitive to the
unknown gain and phase error functions of the uncalibrated radars.

This report includes the theoretical derivation of the gain and phase error functions ef-
fect in monopulse SAR images. The signal subspace modeling and processing of monopulse
SAR images, and constructing the signal subspace difference statistic are described. Nu-
merical results are provided.

1b. Publications

The work has produced the following journal article which would contain a, note on
the support from the Office of Naval Research under Contract N00014-96-1-0586:

M. Soumekh, “Moving target detection in foliage using along track monopulse syn-
thetic aperture radar imaging,” accepted for publication in IEEE Transactions on

Image Processing.




2. Background

The along track monopulse SAR imaging system utilizes two radars for its data col-
lection. One radar, Radar 1, is used as a transmitter as well as a monostatic receiver. The
other radar, Radar 2, is used only as a bistatic receiver. In our original proposal and [1},
we documented a signal processing algorithm of the two monostatic and bistatic databases
of the along track monopulse SAR system to obtain two coherently identical SAR images
of the stationary targets in the scene. While the stationary targets appear the same in the

monostatic and bistatic SAR images, however, the same is not true for moving targets.

This fact is the basis for developing a static, which we refer to as the difference image,
for moving target detection. If we denote the monostatic SAR image by fm(z,y) and the
bistatic image by fi(z,y), the difference image for moving target detection is defined via

the following:
fa(z,y) = fo(z,y) — fm(z, ). (1)

Figures la-c show this for a SAR scene in which the two radars are fully calibrated. !

This example corresponds to a realistic FOPEN SAR database which is injected with the
simulated signatures of four moving targets. The parameters of this SAR scene are outlined
in our original proposal and [1]. Figures la and 1b, respectively, show the monostatic and
bistatic SAR images of the target area which contain both foliage and moving targets.
Figure lc is the difference image which shows the signatures of the moving targets; the
differencing operation has removed the signature of the stationary targets (foliage).

3. Effect of Uncalibrated Radars in Monopulse SAR Imaging

As we mentioned earlier, the result in Figure 1lc is obtained with two radars which are
fully calibrated; i.e., there is no relative gain and phase ambiguity in the data collected by
the two radars. This idealistic scenario, however, is never encountered in practice. In a
realistic monopulse SAR system, the two radars exhibit different amplitude patterns (phase
as well as gain) which vary with the radar frequency and the radar position (i.e., the slow-
time). Moreover, these amplitude patterns vary from one pulse transmission to another
due to heat and other uncontrollable natural factors which affect the internal circuitry of
the two radars. These subtle changes of the radars amplitude pattern are difficult to be

detected and tracked, and are unknown to the user.

To develop a theoretical model for the undesirable variations of the amplitude pattern
of uncalibrated monopulse radars and their effect in the difference image (for moving

1 Figures are attached to the end of this report.



target detection), we begin with the signal model for the monostatic and bistatic SAR
measurements. We denote the transmit-receive amplitude pattern of the monostatic radar
in the spatial (z,y) domain by am(z,y — u,w) where (0,u) is the radar position on the
synthetic aperture and w is the radar (fast-time) frequency [2]. Thus, the monostatic SAR

signal for a stationary unit reflector 2 at (z4,yn) is [2]

Am(TnyYn — U,w) exp[jZk\/x%l + (yn — u)?], (2)

where k = w/c is the wavenumber.

We define the following transformation of the amplitude pattern
A [2ksin 0, (u),w] = am(Tn, Yn — ©,w), (3)

where

6, (u) = arctan( ynw_ - )s 4)

n

is the target’s aspect angle when the radar is located at (0,u). (See the discussion on the
Fourier properties of the SAR’s AM-PM signal in [2, Appendix] for a physical interpretation
of (3).) Using the wavefront reconstruction algorithm for stripmap SAR [2], it can be
shown that the Fourier transform of the monostatic SAR signal of (2) with respect to u
(slow-time) yields the following target function in the spatial frequency domain:

Fr(keyky) = Am(ku,w) exp(jkztn + jkyyn), (5)

where k, is the spatial frequency domain for u, and

= IR

. (6)

ke
ki‘l

The spatial domain monostatic SAR image fm(z,y) is obtained via the two-dimensional

inverse Fourier transform of Fp,(kg, ky).

A similar analysis can be performed for the bistatic measurement. Suppose the
transmit-receive amplitude pattern of the bistatic scenario is ay(z,y — u,w). Then, af-
ter the phase compensation to convert bistatic SAR data to the equivalent monostatic

2 One could consider a general target with an arbitrary radar cross section (amplitude
pattern) in the following formulation (see [2]). However, for notational simplicity, we
absorb this amplitude pattern in the radar amplitude pattern.




SAR data ® [1] , one obtains the following SAR signal:

(T, Yn — u,w) exp[i2k1/22 + (yn — u)?]. (7)

Moreover, the bistatic SAR data yields the following spatial frequency reconstruction:
Fy(ks,ky) = Ap(ku,w) exp(jksen + 7 kyyn), (8)

where

Ap[2ksin 8, (v),w] = ap(zn, Yn — u,w), (9)

and (k, ky) are related to (ky,w) via (6). The spatial domain bistatic SAR image fi(z,y)

is obtained via the two-dimensional inverse Fourier transform of Fy(kz, ky).
The two radars are considered to be fully calibrated if
ap(z,y — U,w) = am(z,y — u,w).
In this case, the two monopulse SAR images of stationary targets are also identical, i.e.,

Fy(ks, ky) = Fin(kz, ky),

and, thus, the difference image is a reliable statistic for moving target detection. This,

however, is never achieved in practice.

In a practical monopulse SAR system, the two monostatic and bistatic radar amplitude

patterns are not the same. This difference can be modeled as
ap(z,y — u,w) = am(z,y — u,w) [1+e(m,y —u,w)],' (10)

where e(z,y — u,w) is an unknown pattern which contains a phase function as well as a
gain (magnitude) function. Using the expression for the bistatic amplitude pattern in (10)
and the Fourier properties of the SAR’s AM-PM signal in [2, Appendix], the bistatic SAR

reconstruction in the spatial frequency domain (see (8)) becomes

Fy(ks,ky) = Am(ku,w) [1+ E(ky,w)] exp(fketn + jkyyn), (11)

3 This phase compensation approximately removes a shift in the bistatic data with

respect to the monostatic data; the shift is related to the distance of the two radars in the
along track domain [1]. Any residual error in this processing also corresponds to a shift
operation which can be viewed as a component of the unknown impulse response h(z,y).
Thus, this additional shift error is already incorporated in the general model of (13); i.e.,
h(z,y) contains a smearing component due to the calibration gain and phase errors, and
a shift component due to the residual shift error.




where
E2ksinb,(u),w] = e(Tn,yn — u,w), « (12)

and (kg, ky) are related to (ky,w) via (6).

Comparing (5) and (11), we can write the following:

Fy(ky, ky) = H(kg, ky) F(kz, ky)

(13)
fo(z,y) = fm(z,y) ** h(z,y)

where

H(kg, ky) =1+ E(ky,w), (14)

represents the transfer function of a linear shift-invariant system; h(z,y), the impulse
response, is the two-dimensional inverse Fourier transform of H(k,,ky), and ** denotes

two-dimensional convolution in the spatial domain.

Equations (13) and (14) indicate that the bistatic SAR image is a filtered (smeared
and/or shifted) version of the monostatic SAR image; the transfer function of the filter
H(ky,ky) is related to the phase and gain differences of the two uncalibrated radars. This
can result in gain and phase differences between the monostatic and bistatic SAR images
of stationary targets. In this case, the difference image is not a reliable statistic for moving

target detection.

Figure 1d shows the bistatic SAR image for a case involving uncalibrated radars. For
this example, we use 35 nonzero coefficients (N, = 5 pixels by N, = 7 pixels) for the
filter A(z,y). The complex coefficients of 1 — h(z,y) are generated with a random number
generator with a gain of approximately .2 and a uniform random phase. Figure le is
the difference image. Note that the difference image for this case contains a significant

contribution from the stationary targets (foliage) as well as the moving targets.

4. Signal Subspace Processing for Uncalibrated Radars
4a. Algorithm

The two-dimensional system model and the resultant effect which are described for
a monopulse SAR system in the previous section, are similar to the clutter cancellation
problem in one-dimensional active/passive imaging problems with monopulse radar and
shipboard infrared search [3]-[6]. For these applications, the use of adaptive filtering meth-
ods has been suggested [7]. One may consider a two-dimensional version of such algorithms
for the problem of uncalibrated radars in the two-dimensional monopulse SAR systems.

However, the implementation of the adaptive filtering approach requires inversion of a
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very large covariance matrix for each subpatch of the target scene, or a recursive (itera-
tive) gradient descent solution [6]-[7]. Another version of the algorithm requires a priori
knowledge.of certain clutter parameters which should remain unchanged in the SAR scene

[6]. Unfortunately, this is not an appropriate assumption in a high-resolution SAR image.

Equations (13)-(14) indicate that while f3(z,y) is a smeared version of fm(z,y), how-
ever, the bistatic SAR image belongs to the linear signal subspace of the monostatic SAR
image and its shifted versions in the case of stationary targets. Thus, one can first obtain
the projection of fy(z,y) into this signal subspace, call it fb(m, y). Then, the difference of
this signal subspace projection fb(m, y) and the bistatic SAR image fi(z,y) should provide
a reliable statistic for moving target detection.

Let te(z,y), £ =0,1,2,...,N — 1, be the orthogonal basis functions which represent

the above-mentioned signal subspace
U = [ e(z,y); £=0,1,2,...,N—1].

To generate this signal subspace, one can use Gram-Schmidt, modified Gram-Schmidst,
Householder or Givens orthogonalization procedure [8]-[10]. The choice depends on the
type of digital signal processing software package which the user utilizes, and the accuracy
of a given orthogonalization method in that software package.

The size of the subspace, i.e., N, depends on the user’s a priori knowledge of the
number of the nonzero coefficients in the discrete model of the impulse response h(z,y).
For instance, if the discrete h(z,y) contains (N, Ny) non-zero pixels, then we should
select N = N, N,. (A similar assignment/model for h(z,y) is used in the adaptive filtering
methods [6]-[7].) In practice, the exact value of N;Ny is not known. In this case, an
estimate should be used based on the degree of gain and phase differences (calibration
erros) between the two radars. We should emphasize that the algorithm is not sensitive
to the fact that N might be chosen to be different from N, Ny (as long as the difference is
not very large). For instance, in the example which we will examine, Ny Ny =5 X 7 = 35,

while we use N = 9 for the number of the basis functions.

The projection of the bistatic image fy(z,y) into the basis function %(z,y), which is
identified by the series coefficient by (¢ =0,1,2,...,N — 1), is found via the following:

be= < fo, Y >

= / /y fo(z,y) ¥ (z,y) dzdy (15)

where 1* is the complex conjugate of . (For a discrete reconstructed image, the above
double integral in the (z,y) domain is replaced with a double discrete sum over the available

(z,y) pixels.)




The projection of the bistatic image into the signal subspace ¥ is defined via

(z,y) = Z be ez, y). (16)

The signal subspace difference image, i.e., the statistic for moving target detection is

constructed via

fd(way) = fb(xa y) - fb(may)' (17)

Consider the mbnopulse SAR problem which was cited earlier. We use a signal sub-
space with size N = 9 which is constructed from f,,(z,y) and its eight adjacent shifted
versions. Figure 1f is the subspace difference image fd(w,y) when the radars are fully
calibrated. Note that this image resembles the difference image of the calibrated radars in
Figure 1c. Now, consider the uncalibrated bistatic radar data of Figure 1d which corre-
sponds to Ny Ny = 35 (N, = 5 and Ny = 7) nonzero coefficients for the impulse résponse
h(z,y). (Note that the size of the subspace, i.e., N =9, is less than the number of nonzero
coefficients of h(z,y).) Figure 1g shows the subspace difference image fd(m,y) for the
uncalibrated radars. Note that this shows a significant improvement over the difference
image of uncalibrated radar data in Figure le. When we increase the signal subspace to
35 (i.e., fm(z,y) and its 34 adjacent shift versions), we obtain a subspace difference im-
age for uncalibrated radars which is almost identical to the subspace difference image for

calibrated radars in Figure 1f.

4b. Implementation and Computational Efficiency

Provided that the calibration error function e(z,y — u,w) is inavriant of the target’s
coordinates, then the subspace processing can be applied in one step to the entire SAR
scene. The same is impractical for the adaptive filtering approach [6]-[7] due to the enor-
mously large size of the covariance matrix which has to be inverted. (The size of the SAR
scene which is considered in Figures la-g, is 30 pixels by 386 pixels which is a subpatch
of a larger 256 pixels by 1024 pixels SAR image. In this case, it is even impractical to
implement the adaptive filtering approach for the 30 pixels by 386 pixels SAR subpatch
on a regular computer.) When the error function cannot be modeled to be invariant of the
target’s coordinates, then the SAR image has to be divided into subpatches over which
the error function does not vary significantly (which implies that h(z,y) approximately
remains the same in that subpatch.) The subspace algorithm can then be applied to each
subpatch.

We have implemented the subspace algorithm using Matlab on a time-share computer
at our school. For the example of Figures la-g, the CPU time for creating the signal
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subspace ¥ is 5.1 sec; the CPU time to construct by, £ = 0,1,2,...,N — 1, and fb(a:,y)
from (15)-(16) is 1 sec.

4c. Stability and Noise Effect

Both the adaptive filtering method in [6] and the signal subspace projection of (15)-
(16) seek the same minimum error energy solution for the bistatic SAR reconstruction
fs(z,y) in the linear subspace of the monostatic SAR reconstruction fm(z,y) and its shifted
versions. In the adaptive filtering approach, a solution for the impulse response h(z,y)
from the knowledge of fn(z,y) and fi(z,y), * call it iL(:c,y), is obtained via minimizing

the following error function:
[ [ Usta) = fuar) w5 hiay) ] dady (18)
zJy

For the available discrete data, h(z,y) is modeled by, e.g., N nonzero coefficients (N,
pixels by N, pixels, where N = N;N,). The resultant solution is then used to estimate
fo(z,y) via the following:

fb(xay) = fm(xvy) * ¥ E(way)' (19)

In the proposed signal subspace method, the object is not to solve the deconvolution
problem (i.e., to estimate the impulse response h(z,y)) which is computationally intensive,
and may yield unstable results (depending on the condition of the covariance matrix). The
signal subspace approach provides a direct solution for f (z,y) without the need to solve
the deconvolution problem. Furthermore, to reduce additive noise effect, the user can
discard the basis functions which possess relatively weak eigenvalues. (This step can be

easily incorporated during the generation of the basis functions.)

Figure 2a-g show the same signals as in Figures la-g when the data are corrupted
with a complex normal additive noise; the variance of the noise is chosen such that the
signal-to-noise ratio (SNR) in Figures 2a, 2b and 2d is 4.5 dB; the additive white noise in
these three images are uncorrelated (generated separately). (None of the basis functions
are discarded for this example.) The moving targets’ SAR signatures are prominent in the
subspace difference images for calibrated (Figure 2f) and uncalibrated radars (Figure 2g)
as well as the difference image for calibrated radars (Figure 2¢). The difference image of

uncalibrated radars (Figure 2e) shows the worst performance for moving target detection.

4 This operation is called deconvolution.




Note that the K-L transform of the white noise’s autocorrelation, i.e., the delta func-
tion, has a uniform eigenvalue distribution in ¥ and its complement ¥° [11]. Thus, the
portion of the white noise in the measurement of fy(z,y) which falls in U is filtered in the
signal subspace difference processing. However, if a moving target’s SAR signature does
not belong to the subspace of the clutter (i.e., they are orthogonal), then the subspace
difference processing will not attenuate the moving target’s SAR signature.

5. Future Plans

We plan to continue our theoretical investigation on developing more compact signal
subspaces of the monostatic SAR image fm (z,y) and its shifted versions for representing
the bistatic image fj(z,y). This depends on the nature of the error function E(ky,w)
which are encountered in practice. For instance, in some radar systems, the error function

may take on the following form:
E(ku,w) =w Eo(ku) expljw do(ku)l;

the above two-dimensional signal represents aspect angle-dependent phase and gain errors
that linearly vary with the radar frequency. We also plan to investigate the implications of
these error functions in estimating the motion parameters of a moving target in the SAR

scene.

Moreover, our simulated results on signal subspace processing show sufficient promise
that we believe the algorithm can now be tested on realistic monopulse SAR data. This
study would reveal the nature of realistic calibration errors which could guide us in devel-

oping more compact and efficient signal subpace processing algorithms.
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Figure la. Monostatic SAR reconstruction.
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Figure 1b. Bistatic SAR reconstruction (calibrated radars).
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Figure 1lc. Difference image (calibrated radars).
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Bistatic SAR Reconstruction (uncalibrated radars)
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Figure 1d. Bistatic SAR reconstruction (uncalibrated radars).
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Figure le. Difference image (uncalibrated radars).




Cross-range, meters

Subspace Difference Image (calibrated radars)

20

-20

|
N
o)
[

|
()]
o
T

|
(00]
o
]

-100

T T T T T T

i |

524 526 528 530 532 534
Range, meters

Figure 1f. Subspace difference image (calibrated radars).
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1g. Subspace difference image (uncalibrated radars).
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Figure 2a. Monostatic SAR reconstruction (noisy data).
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Figure 2b. Bistatic SAR reconstruction (calibrated radars; noisy data).
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Figure 2c. Difference image (calibrated radars; noisy data).
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Figure 2d. Bi_static SAR reconstruction (uncalibrated radars; noisy data).
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Figure 2e. Difference image (uncalibrated radars; noisy data).
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Figure 2f. Subpspace difference image (calibrated radars; noisy data).
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Figure 2g. Subspace difference image (uncalibrated radars; noisy data).




